Objectives -Life expectation is a valuable summary index in public health and actuarial science. The life expectancies published in the vital statistics, however, are derived from the "current" rather than from the "cohort" life table. The former is based on a strong assumption ofconstant mortality in the population, whereas the latter calls for a recording of the mortality experience ofa group ofindividuals, which is often an impossible task. Thus, a method of calculating cohort life expectancy without actual follow up is much needed. Methods -Estimation of cohort life expectancy was based on an age-cohort model. Mortality data for the male population in Taiwan from 1951 to 1990 are used to illustrate the methodology. Results -The increment oflife expectancy over time in Taiwan is actually steeper than was previously thought using the current life table technique. Conclusions -The method is easy to implement and the data required are the usual age and period cross classified mortality data. It warrants further investigation.
The problem of measuring health status in human populations has long been of considerable interest to epidemiologists. The mortality rate, either age specific or age adjusted, is one of the pertinent indices that has often been used for this purpose. In some instances, however, life expectancy is the preferred measure because it has a clear meaning: the life expectancy at a particular age is the mean lifetime of individuals who have lived beyond that age. ' Because of its application as a population summary measure, the life expectancy at birth is often used to make comparisons between different countries, across different time periods, or between different subgroups in the population. Furthermore, a table with life expectancies at various ages is also used as a basis for the computation of things such as life insurance premiums and annuities. 2 It must be remembered, however, that life expectancies published in the vital statistics are derived from the "current" rather than from the "cohort" life table. A current life table projects the life span of each individual in a hypothetical cohort on the basis of the cross sectional death rates in a given population. When we speak of the life expectancy of an infant born in the current year, for example, we mean the life expectancy that would be obtained if that infant were subject throughout his life to the same age specific mortalities prevailing in the current year -clearly, a bold assumption. Yet, since it is evidently an insurmountable if not an impossible task to record the actual mortality experience of a particular group of individuals (the cohort) from the first birth to the last death, the "current" life expectancy is still widely used.
We present a new method of estimating the cohort life expectancy. The estimation (projection) is based on an age-cohort model. Because the data required for the model are the usual age and period cross classified mortality data in the format of vital statistics, follow up of a group of subjects for a long time is unnecessary. The mortality data for the male population in Taiwan from 1951-90 are used to illustrate the methodology.
Method MODELLING MORTALITY DATA USING AN AGE-COHORT MODEL
Assume that the mortality data in a defined population are cross classified by age and period, with the interval widths of both variables being 5 years. The age groups are indexed by i(i= 1,2...,I), the period groups by j(1= 1, 2...J), thereby forming an I by J contingency The age-cohort model, with its parameters estimated, can be used to predict the age specific mortality rates for the entire life span of each birth cohort under study, that is, between the first birth-cohort (k = 1) and the last one (k = I+7-1). For each cohort, Chiang's technique' can be used to convert the age specific death rates to the probability of dying for each 5 year age group. The cohort life expectancies can then be calculated using the standard life table method.
It should be noted that projection of future mortality and retro-projection of past mortality using the age-cohort model, as in this paper, do not require extrapolation of either the age or the cohort parameters.7 This is in sharp contrast to the mortality projection scenario using the more sophisticated age-period-cohort model. we do not intend to build up the model from the lowest degree polynomial to the highest degree possible in a stepwise fashion and rely upon a likelihood ratio test, for example, as the stopping criteria. For comparison, we also assume a cubic polynomial for the period parameters in the age-period model. Therefore, the age-cohort and the age-period models have the same number of model parameters (18+3= 21) and hence the same degree of freedom (total number of cells -number of model parameters = 132-21 = 111).
When we had estimated the relevant parameters in the age-cohort and the age-period models, we projected or retro-projected the mortality rates cross sectionally or longitudinally to complete the life span of the study population. We then applied the standard life table technique' to estimate the "cohort" and the "period" life expectancies (both are life expectancies at birth). The results are plotted in the figure. For birth cohorts more recent than 1956, the estimated cohort life expectancies are becoming larger than 80 years. In this study, the oldest age group used for life table calculation is an open ended "85 + ", which means that the mortality rate for ages over 85 years is assumed to be constant. We therefore refute the results oflife expectancy estimates in some recent birth cohorts (note that we did not "discard" the data of recent cohorts) as we believe that a reliable life expectancy estimation, in these circumstances calls for better understanding of elderly mortality, either in terms ofmore refined mortality grouping in the data set for the elderly or through extrapolation of the age parameters into old ages in the age-cohort model. It is also noted that the more recent the cohort, the stronger the assumption that the future mortality rates conform to the age-cohort model with the same set of parameters.
The figure also presents the 95% confidence intervals of the life expectancy estimates, which are based upon the bootstrap method.'0 The confidence intervals could, alternatively, be derived from the usual variance-covariance matrix of the model parameters. The interest here is the variability of the life expectancy estimates however, not the parameters per se in the agecohort or the age-period models. Complex matrix manipulation (multiplication and inversion for example) is thus required for the derivation. This is why we prefer the use of the bootstrap method -though computer intensive it is simple in concept and elegant. Briefly, one thousand bootstrap replications are resampled from the original data set and each is analysed using the aforementioned procedures (including the fitting of the age-cohort and the age-period models, the projection and retroprojection of the mortalities, and the life table analysis). The pointwise percentiles of the estimates of these 1000 replicates are then taken as the interval estimates of the life expectancies. How bootstrap samples are generated deserves some attention, since the goodness of fit statistic of either the age-cohort model (likelihood ratio statistic = 32196-0, df= 1 1 1) or the age-Death number and population number (in parenthesis x 1000) for male population of Taiwan, 1951-90. features, several points need to be clarified before it is accepted. First of all, we do not take into account the differences in the "fraction of last age interval of life"' in each age category. Rather, we assume that deaths occurred uniformly throughout each year of age. This assumption is especially unrealistic for the first age category, since a large proportion of deaths below 5 years old occurs in the first year, and a large proportion of infant deaths occurs in the first few weeks. To overcome the problem, a complete (one year age group) life table is needed instead of an abridged one. The period grouping should, consequently, be based on each calendar year instead of five, so that an age-cohort model can be applied. Although, in such a circumstance, the large number of parameters might inevitably compel us to use a smoothing technique'2 on the parameters, the basic principle of life expectancy estimation remains the same.
Secondly, it should be pointed out that our method relies greatly on mortality forecast (and backcast), and that the basis of forecasting is the assumption that the prevailing trends will continue to operate in a predictable way (that is, according to the presumed age-cohort or the age-period model). Such an assumption surely cannot be justified beforehand. Uncertainty about future trends is unfortunately difficult, if not impossible, to incorporate into the confidence intervals ofthe life expectancies. It should therefore be realised that the confidence intervals based on the forecasting model we report are over optimistic and are better interpreted as stability indicators of the life expectancy estimates rather than in a literal sense. A so called "process model" was recently proposed for forecasting chronic disease risks. This takes into account the information of time trajectories of mortality risk factors in the population under study'3 and seems a step towards predicting future mortality trends. That particular model, however, calls for an integration of multiple sources of information beyond the age and period cross classified mortality data and the calculation is also much more involved.
Finally, our method can be extended and applied to such scenarios as estimation of the potential gains in (cohort) life expectancy when mortality from some specific causes is assumed reduced or eliminated. To do this, information on cause specific mortality rates in the population under study is needed and a multiple decrement life table analysis'4 has to be performed. In addition, to get a better fit for the "all cause" data which we analysed in this paper, disaggregation of the mortality rates into their component causes, modelling them separately using the age-cohort or the age-period model and then recombining the results to a "better" estimation of the life expectancy can be tried. Further studies to examine the magnitude of bias or efficiency loss if the "crude" estimation illustrated in the present paper is carried out instead are warranted.
